Pyrethrum (Tanacetum cinerariifolium (Trevir.) Sch. Bip.) is a perennial herbaceous member of the Asteraceae family grown for the production of the insecticidal pyrethrins, which are contained within oil glands on the surface of flower achenes (4, 32) . Pyrethrum production in Australia currently supplies approximately 60% of the global market for pyrethrins. The Australian industry is based on an intensive production system characterized by mechanization, monocultures with dense plant populations, selection of high-yielding cultivars with synchronous flower development, and high inputs of fertility and water (18) . In this production system, pyrethrum fields can remain productive for three or more years. Elsewhere, pyrethrum typically is grown on a subsistence basis as a low-input crop (13) .
One of the factors associated with early discontinuation of a commercial crop is reduced stand density and vigor associated with Sclerotinia crown rot, caused by Sclerotinia minor and S. sclerotiorum (18) . Sclerotinia spp. are destructive, plurivorous, necrotrophic pathogens of a large range of host species (20) , causing significant losses worldwide (2) . Sclerotinia spp. can survive for more than 8 years in the soil as melanized sclerotia (1) . This survival ability, coupled with the extensive host range of the pathogens and absence of resistance in most hosts, make disease control problematic. Sclerotinia spp. cause two major diseases of pyrethrum (18) . First, Sclerotinia crown rot is caused by myceliogenic germination of sclerotia near the soil surface and subsequent infection of the crown leading to wilting and, in severe cases, plant death. The disease is typically observed during the autumn, winter, and early spring months, and has been associated with both S. minor and S. sclerotiorum. Sclerotia of both species may germinate carpogenically to produce airborne ascospores which infect flowers during early summer and cause Sclerotinia flower blight (15) . Apothecial emergence is also closely synchronized with flower development in pyrethrum (19) .
Current management efforts for Sclerotinia crown rot in pyrethrum are centered on regular application of the fungicide procymidone during the autumn and winter, when plants are in the rosette stage. A basic tenet of integrated pest management is management intervention that is informed by the risk of crop damage from a pest (26) . Crop damage and yield impacts from Sclerotinia crown rot have not been well characterized in pyrethrum or most other perennial pathosystems, and the economic necessity of disease management efforts require quantification to provide a foundation for both strategic and tactical disease management decisions (21) . In this study, we sought to assess the efficacy of current commercial management programs for Sclerotinia crown rot and their association with crop damage. A secondary objective was to clarify risk factors for disease development to identify production situations where management intervention may be justified.
Materials and Methods
Field sites and data collection. The incidence of Sclerotinia crown rot was assessed in a total of 86 commercial pyrethrum fields in northern Tasmania, Australia during 2010 to 2012. All fields were approaching first harvest and were planted in the preceding spring. Within each field, two plot areas were demarcated for assessment. One did not receive applications of procymidone (Fortress 500; Crop Care Australasia Pty. Ltd.) or other fungicides with known activity against Sclerotinia spp. This was designated the nontreated plot. The second plot, marked parallel to the nontreated plot, received fungicide applications in accordance with the commercial applications for that field (referred to herein as the commercial plot). Other commercial practices, including herbicide applications, were identical between each pair of plots. Plot sizes were dependent upon the commercial spray boom width used in a given field; therefore, plots varied between 12 by 10 and 30 by 10 m in size. In each, field disease assessments were conducted three times each season during mid-to late May, late June to mid-July, and mid-August to mid-September, herein referred to as autumn, winter, and spring, respectively. The mean durations between the first and second disease ratings were 43, 48, and 63 days during 2010, 2011, and 2012, respectively. Between the second and third disease ratings, mean durations were 35, 55, and 55 days during 2010, 2011, and 2012, respectively. The number of fields evaluated was 29, 27, and 30 during 2010, 2011, and 2012, respectively. The incidence of Sclerotinia crown rot was assessed using a 1-by-1-m quadrat divided into 25 squares (20 by 20 cm) in a 5-by-5 arrangement. At each assessment, the quadrat was arbitrarily placed on top of the crop canopy at 25 positions (sampling units) within each plot (N = 25). At each sampling unit, each square was scored for (i) the presence or absence of a pyrethrum plant and (ii) the presence or absence of a pyrethrum plant exhibiting visual symptoms of Sclerotinia crown rot infection. As such, the number of squares with a plant present (n) varied between sampling units (maximum n = 25). Due to its irregular emergence pattern and bushy growth habit, distinguishing individual pyrethrum plants is often difficult or impractical. Therefore, each 20-by-20-cm square was treated as an analogue for an individual plant and, for simplicity, is referred to as such. The estimated mean incidence of diseased plants ( ) was calculated as ̂ = Σx i /Σn i , where x i is the number of diseased plants and n i is the number of plants present in the ith sampling unit. Site-specific data were collected from each field, including soil type, slope, aspect, planting date, and cultivar. During each disease assessment, estimates of pyrethrum canopy density and the presence or absence of weeds and, specifically, clover (Trifolium spp.) were made in each quadrat and used to calculate means for each field. The centroid of each field was obtained with a handheld GPS unit (eTrex Vista HCx; Garmin International, Inc.) and used as a geospatial reference for obtaining interpolated daily temperature and rain data from the Queensland Department of Natural Resources and Mines Data Drill algorithm at a 5-km 2 spatial resolution (8, 9, 27) . Errors associated with the use of interpolated data compared with on-site temperature data in northern Tasmania have been described (16) . Number and dates of commercial applications of procymidone for each field were recorded.
Yield assessments were made in December of each growing season. Flower yield estimates were made through the use of digital imagery (24) . Digital cameras (Canon Powershot G12; Canon Inc.) were mounted on frames at a height of 0.9 m above the crop canopy with a defined 0.7-by-0.7-m (0.49 m 2 ) quadrat placed level with the top of the crop canopy. With the software package ImageJ, v. 1.47g (22) , color thresholding was used to reduce images to the yellow centers of individual flowers, and the particle analyzer function was used to estimate the number of flowers per quadrat. Thirty images were collected per plot and used to determine the mean flower yield.
Following commercial harvesting in January, plots from a subset of fields from the original 86 were remarked and regrowth of pyrethrum foliage was assessed. Fourteen fields from 2010 and eight fields from 2012 were assessed for regrowth in autumn 2011 and 2013, respectively. Fields were selected based on availability (i.e., some fields were removed from production) and prevalence of Sclerotinia crown rot the preceding year. In mid-May, these fields were evaluated for Sclerotinia crown rot incidence, canopy density, and weed prevalence, as described previously. Both commercial and nontreated plots were subject to the same agronomic practices after harvest.
Crop damage from Sclerotinia crown rot. Relationships between Sclerotinia crown rot and flower yield were examined by mixed models. Disease incidence, expressed as area under the disease progress stairs (AUDPS; 25), and flower yield in nontreated and fungicide-treated plots were modeled as dependent on fungicide treatment, year of the study, and the interaction of these factors. Sites within a year were considered random factors. Flower yield was square root transformed before analysis to normalize residuals. Analyses were conducted using the GLIMMIX procedure in SAS (version 9.3; SAS Institute). The number of fungicide applications made in the commercially managed plots varied among fields depending on the growers' specific management tactics, with individual sites receiving zero to four applications. An analysis was conducted over all 3 years with fixed factors for fungicide treatment and a categorical variable for number of fungicide applications; site was again considered a random factor. Disease incidence and flower yield were compared within each level of fungicide application. The relationship between yield in the nontreated plot versus the corresponding fungicide-treated plot and relative yield gain versus Sclerotinia crown rot incidence were quantified by linear regression using the REG procedure in SAS.
Analysis of variables related to Sclerotinia crown rot incidence and flower yield. Scatterplots were created for several weather variables, plant canopy density, weed prevalence, and disease incidence to understand the univariate relationships. The magnitude of the correlations were assessed by Spearman's rank order correlation coefficient (28) . The association of disease incidence and canopy density in autumn led to further quantification of the role of rain and temperature associated with these variables. An appropriate time period for correlating weather, disease, and plant canopy density was determined by an iterative process. The total amount of rain; days with rain greater than 0, 1, 2, or 3 mm; and simple degree-days (base 0) (17) were calculated for weekly time periods of 1 to 10 weeks before the autumn disease assessment. The correlations of these variables with autumn disease incidence and plant canopy density were assessed by Spearman's rank order correlation coefficient. The magnitude of the correlations and statistical probability levels were examined and used to select a single time point (i.e., 4 weeks) for inclusion in subsequent analyses.
Correlation analyses described above yielded a complex series of interrelationships among the variables. Combinations of variables with significant and biologically sensible correlations with disease incidence and flower yield were assembled into structural equations and analyzed by path analysis (12) . Path analysis was conducted to quantify possible interactions among the variables and to develop models depicting how weather, disease, and plant growth interact to influence disease development and pyrethrum flower yield. Competing models were fitted and the simplest, bestfitting model was selected based on minimizing Akaike's Information Criterion (AIC; 12). Path coefficients (standardized partial regression coefficients weights) were obtained and utilized to calculate indirect and direct effects among the variables in the path diagrams. Direct effects are the standardized path coefficients of a path denoted by an arrow connecting two variables. Indirect effects are the association of one variable with another mediated through other variables. Indirect effects are calculated as the sum of the product of the path coefficients linking two variables. Total effect is the sum of direct and indirect effects (12) .
To conduct the analysis, correlation matrices of the variables used in the models were constructed using the CORR procedure in SAS, which were then analyzed using the CALIS procedure. Goodness-of-fit of the models was assessed by the χ 2 test, root mean square error approximation coefficient, and residual diagnostics. Each model was fit separately and, among the competing models, the model that minimized AIC was considered the best fitting. The significance of each path was assessed by t tests, and values greater than |2| were considered significant (α = 0.05).
Risk factors for Sclerotinia crown rot outbreaks in spring. Based on the correlation and path analyses, a logistic regression model was constructed to quantify the association of autumnal weather, host, and inoculum factors with risk of a severe outbreak of the disease in spring. In Australia, a provisional threshold of 2% of plants with Sclerotinia crown rot is commonly used in pyrethrum production as an action threshold for fungicide applications. The accuracy of this threshold is not addressed in this research. Instead, we accepted that this threshold is used in practice and focused upon how autumnal conditions contribute to risk of disease exceeding this threshold in spring. To carry out the analysis, fields were coded as '1' if the incidence of affected plants exceeded 2% in spring and '0' otherwise. Variables identified by correlation and path analysis as potential determinates of disease development in spring were included as predictor variables. Models were evaluated based on AIC and the Hosmer and Lemeshow goodness-of-fit test. Parsimonious models with low AIC values, reasonable prediction accuracy, and adequate fit diagnostics were selected. Analyses were conducted using the LOGISTIC procedure in SAS.
Influence of Sclerotinia crown rot on regrowth after harvest. To normalize regrowth comparisons across fields, canopy density measurements obtained after the first harvest were used to calculate a new variable for each plot: canopy survival. Canopy survival was defined as autumn canopy density after the first harvest divided by autumn canopy density preceding the first harvest, expressed as a percentage. Canopy survival was compared using Spearman's rank order correlation coefficient to the disease variables (autumn, winter, and spring disease incidence, and AUDPS), weed variables (weed and clover incidence), and canopy variables (autumn, winter, and spring canopy density), as described previously. Sclerotinia crown rot was not observed in any plots following the first harvest and, as such, the incidence of affected plants in year 2 was not included in these analyses.
Based on the correlations obtained above, the relationship between canopy survival and disease incidence was assessed in a mixed-model framework. Canopy survival was modeled as dependent on disease incidence (expressed as AUDPS), fungicide treatment, and the interaction between those factors. Sites within a year were considered random factors.
Results
Crop damage from Sclerotinia crown rot. Across all 516 observations (86 sites, two plots per site, and three assessment periods), median Sclerotinia crown rot incidence was 0.0068, with 25 and 75% quartiles of 0.00 and 0.039, respectively (Fig. 1) . Disease incidence was greater than 0.05 in 22.1% of observations, while 10.9% of observations were greater than 0.10. Sclerotinia crown rot was observed at least once in 78 of the nontreated plots and 76 of the commercial plots. Fungicide applications were made in 62 of the 86 fields, with fields receiving, on average, 1.3 fungicide applications (median = 1) per year. Disease incidence (expressed as AUDPS) in the commercial plots was reduced by 68.4 to 77.6% across years compared with the nontreated plots ( Fig. 2A ; treatment P < 0.0001). Disease incidence was also reduced when analyzed respective to the number of times fungicides were applied (treatment-fungicide application interaction, P = 0.0004). Fungicide applications reduced disease incidence by 43.1 to 64.7% compared with nontreated plots (Fig. 2B) .
Overall treatments effects on flower yield were not detected among years (treatment P = 0.430) or among fungicide application intensities (treatment, P = 0.384; fungicide application, P = 0.990; Fig. 2C and D) . There was a linear relationship between flower yield and commercial management (Fig. 2E) , given by the regression equation y N = 0.722 × y C + 134.2, where y N represents the nontreated flower yield per quadrat and y C the commercially managed flower yield per quadrat. All parameters were significant at P < 0.0001, with R 2 = 0.60. There was only a weak relationship between relative yield gain from commercial management in relationship to the severity of Sclerotinia crown rot in the nontreated plot (Fig. 2F) . The regression fit of the relationship was y G = 0.004 × AUDPS -0.01, where y G is the yield gain. The slope parameter was significantly greater than 0 (P = 0.006, R 2 = 0.09). Analysis of variables related to Sclerotinia crown rot incidence and flower yield. Disease incidence between the three sampling periods (and AUDPS) was strongly and positively correlated (Table 1 ; S ≥ 0.47, P < 0.001). Within a sampling time period, disease incidence was significantly correlated with pyrethrum canopy density (P ≤ 0.020), particularly during autumn (S = 0.39, P = 0.002). Mean canopy density and AUDPS also were positively correlated (S = 0.47, P < 0.001). The prevalence of clover species and other weeds was negatively associated with disease incidence during any assessment period (Table 2) . However, pyrethrum canopy density was negatively associated with clover and weed prevalence in all comparisons. Disease incidence in autumn was negatively correlated with flower yield (S = -0.23, P = 0.037), whereas disease incidence at other time points was not. In contrast, canopy density during spring (S = 0.39, P < 0.001) and, to a lesser degree, winter (S = 0.27, P = 0.015) was associated with flower yield but not canopy density during autumn.
Correlations between canopy density and disease incidence between sampling periods (e.g., autumn canopy density versus winter canopy density) were significant in all cases (S ≥ 0.47, P < 0.001). Planting date (expressed as day of year) was negatively associated with canopy density in all sampling periods and mean canopy density (S = -0.26, P = 0.014), indicating that earlier planting dates were associated with greater canopy density.
Weather variables that indicated the strongest correlations with the incidence of plants with Sclerotinia crown rot in autumn were for time periods 28 to 49 days preceding the disease assessment (Fig. 3) . The magnitude of the correlations and their significance were greatest for the number of days with rain. The patterns of correlation with pyrethrum canopy density were more complicated, with the magnitude of the correlations for the rain variables generally greatest during the 7 to 21 days preceding the canopy density evaluation in autumn. The number of days with rain in the preceding 28 days was selected for further investigation. The number of days with rain in autumn was associated with disease during all assessment periods and AUDPS (S ≥ 0.23, P ≤ 0.033) but negatively associated with canopy density in spring (S = -0.21, P = 0.048).
Path diagrams constructed from the correlation matrices depicted a series of linked events in pyrethrum canopy and disease development, terminating in flower yield; two of the best fitting models are presented (Fig. 4) . The model with the lowest AIC (Fig.   Fig. 1 . Distribution of Sclerotinia crown rot incidence observations in nontreated (white) and commercially managed (gray) pyrethrum plots during 2010, 2011, and 2012. All plots were assessed during autumn (A), winter (W), and spring (S). Box extremes represent the 25 and 75% quartiles, while thick lines represent the median. Whiskers (dashed lines) indicate 1.5 times the interquartile range and circles indicate individual observations beyond this range.
4B) was structured so that planting date and number of days with rain in the previous 28 days directly affected autumn canopy density. Sclerotinia crown rot incidence in autumn was the consequence of the number of days with rain in the previous 28 days and canopy density during the same period. Canopy density in subsequent time periods was directly affected by the preceding canopy (Fig. 4A ) and because of their biological relevance. In the best-fitting model, spring canopy density had the largest total effect on flower yield (Table 3) , which was entirely through direct effects (Fig. 4B) . All variables in the model, with the exception of Sclerotinia crown rot incidence in spring, had significant effects on flower yield; all of these effects were associated with increased canopy density or disease in autumn.
Risk factors for Sclerotinia crown rot outbreaks in spring.
Based on the association of autumn canopy density and disease incidence in the path analysis, a logistic regression model was fit based solely on these variables and their interaction. All of the variables were significant (P ≤ 0.067; Table 4 ) and the Hosmer and Lemeshow test indicated an adequate fit (P = 0.785). Area under receiver operating characteristic curve was 0.828, indicating reasonable prediction accuracy. Assuming a nominal classification threshold of a model estimated probability of 0.5, spring disease risk was correctly predicted in 72% of the fields (Fig. 5) . Among the 45 fields where the true incidence of Sclerotinia crown rot exceeded 2% during spring, 72.3% of fields were correctly classified by the model as being above this threshold. Among the 41 fields that had true disease status less than 2% in spring, 71.8% were correctly classified by the model. Influence of Sclerotinia crown rot on regrowth after harvest. Canopy survival was negatively correlated with disease incidence, expressed as AUDPS (S = -0.42, P = 0.005), and incidence in the winter and spring sampling periods of the previous season (S = -0.32, P = 0.036) but not in autumn (S = -0.25, P = 0.101). Mean preharvest canopy density, weed prevalence, and clover prevalence had no significant relationship with canopy survival (S = -0.25 to 0.08, P ≥ 0.103). Within individual sampling periods (autumn, winter, and spring), neither canopy density nor weed prevalence was significantly correlated with canopy survival (S = -0.19 to 0.15, P ≥ 0.217). Spring clover prevalence was negatively correlated with canopy survival (S = -0.34 to 0.15, P = 0.026), but not autumn or winter clover prevalence (S = -0.05 and -0.25, respectively, P ≥ 0.118).
Mixed modeling indicated a linear relationship between canopy survival and AUDPS (Fig. 6) , defined by the equation y CS = 58.02 -0.759 × AUDPS, where y CS represents the percent canopy survival for given plot. All parameter estimates differed significantly from 0
Discussion
The results of this study established the association of Sclerotinia crown rot with pyrethrum flower yield, validated the efficacy of commercial management tactics for the disease, and identified determinants of disease development and crop damage. Commercial management efforts were demonstrated to have a significant but modest effect on the incidence of Sclerotinia crown rot, although the overall effect on flower yield was minimal. Averaged over all sites, we found no evidence to suggest an improvement in yield from any intensity of fungicide applications as made in practice by the pyrethrum growers. There was a weak trend for higher flower yield in commercially managed plots dependent on the relative severity of the disease, especially under more severe disease pressure.
The overall muted effect of commercial management efforts may be because of an inherent lack of efficacy of the fungicides, because Sclerotinia crown rot has a minimal effect on yield, or because insufficient levels of disease were present to detect yield improvements from fungicide applications. Although 24 fields (27.9%) received no fungicide applications in the commercially managed plots, there was evidence for some disease suppression among the fields that received at least one fungicide application. This suggests that the current fungicide program does provide a level of control over Sclerotinia crown rot, and that lack of efficacy (Fig. 2E) generally support the concept that commercial disease management efforts provide little yield gain and that these yield gains are most apparent under relatively severe disease pressure. Thus, Sclerotinia crown rot management may still provide benefits as a risk avoidance strategy, especially when targeted to high risk sites.
Given the importance of spring canopy density on flower yield as determined by correlation and path analyses, collectively, these studies suggest that Sclerotinia crown rot reduces flower yield only when the disease substantially reduces spring canopy density. In field crops, crop damage from disease is often the result of diminished photosynthetic capacity or efficiency (6) . Measurements of healthy area duration of the host typically indicate a monotonic relationship between healthy area duration and yield. The relationship between biomass production and healthy area absorption of radiation is asymptotic and generally affected less in plants with high green leaf areas compared with plants with low green leaf area (6, 10) . Given the overall lack of flower yield improvement from even the most intensive commercial management of the disease, pyrethrum plants that survive Sclerotinia crown rot appear to have a substantial capacity for within-or between-plant compensation for reductions in health leaf area.
The path analysis provides a framework for conceptualizing both factors that contribute to disease development and the conditions that may eventually lead to crop damage. The potential for severe outbreaks of Sclerotinia crown rot in spring (when flower yield is directly affected by canopy density) is linked to antecedent conditions that increase canopy density and inoculum levels during autumn. In the perennial pyrethrum cropping system, canopy density in autumn is influenced positively by earlier planting date and autumn rain, and negatively by the prevalence of weeds. In this aspect, development of Sclerotinia crown rot in pyrethrum appears similar to the disease in annual cropping systems, where disease development is driven by extensive host canopies and factors that increase yield potential but also soil moisture (14, 23) . Germination of Sclerotinia spp. sclerotia is favored by soil moisture (7, 31) , which supports the observed direct and indirect effects of autumn rain on autumn disease incidence in the path analysis. In pyrethrum, Sclerotinia crown rot epidemics may occur over an extended period of time. Path analysis suggests that the duration and intensity of the overall outbreak is ultimately linked to canopy density in autumn, with a total effect of 0.4 (Table 3) , mediated entirely through indirect effects on later canopy and disease development. It is not surprising, then, that canopy density in autumn also has an indirect effect on flower yield (0.27) and that the incidence of Sclerotinia crown rot in autumn is predicted to have a negative, albeit small, effect on yield (-0.084; Table 3 ). It is also relevant to note that pyrethrum canopy density, and not total vegetative canopy, was associated with disease development. Prevalence of all weeds and, specifically, clover, the single most common weed observed and a known host of Sclerotinia spp. (3, 29) , were negatively correlated with both pyrethrum canopy density and the incidence of Sclerotinia crown rot. Disease development was associated with pyrethrum canopy density but not total vegetative canopy, which took into account the ground area covered by other species, such as weeds. Prevalence of broadleaf weeds was negatively correlated with both pyrethrum canopy density and Sclerotinia crown rot incidence.
On this basis, we developed a simple risk algorithm based on the density of pyrethrum plants in autumn and incidence of diseased plants during the same period. These are factors that are relatively easy to measure and can provide an approximate risk of Sclerotinia crown rot in spring, which was 72% accurate in the data sets used for constructing the model. Identification of risk factors in autumn may be useful for more strategic and rationalized deployment of fungicides, particularly given the general lack of yield improvement from fungicide applications. Other potential predictor variables were considered but autumn canopy density and disease incidence were selected for pragmatic reasons. Based on the path analysis and general biology of diseases caused by Sclerotinia spp., host canopy density and primary inoculum are strongly associated with the ultimate course of disease outbreaks. Weather variables or direct measures of sclerotial densities could be undertaken but add cost and complexity to farm management. Canopy density and Model, including isolation frequency of pathogen. Data for fitting the models were obtained from nonfungicide-treated plots in a total of 86 commercial pyrethrum fields in Tasmania, Australia during 2010 to 2012. Data sets were classified into two classes of spring disease incidence (above or below 2% disease incidence) based on the current provisional fungicide action threshold for Sclerotinia crown rot. The Hosmer and Lemeshow goodness-of-fit test indicated an adequate fit of the model (χ 2 = 3.96, df = 7, P = 0.785). b Standard error. c Area under the receiver operating characteristic curve (AUROC) is an overall measure of classification accuracy. AUROC is equal to 1 for models with perfect prediction, and models that classify severe outbreaks no better than by chance have an AUROC of 0.5.
disease incidence in autumn essentially integrate previous weather and inoculum factors, and provide a more direct measure of disease risk than surrogate variables (e.g., rain, soil moisture, or number of sclerotia present). Development of Sclerotinia crown rot in first-year crops was associated with reduced canopy density after harvest. As shown here, flower yield is determined mostly by spring canopy density, of which autumn canopy density is a correlate. As a perennial crop, recovery of plants following harvest is an important factor determining the productive life of a pyrethrum crop. Crops that recover poorly from harvest are often deemed uneconomically viable and terminated. For a crop where the greatest production costs are associated with planting and establishment, early terminations can represent a substantial loss of potential yield and revenue. Results obtained here suggest that development of Sclerotinia crown rot preceding the first harvest may reduce recovery of pyrethrum after harvest, even where yield in the first season is not compromised. Regrowth and persistence after harvest is linked to reserves of carbohydrates or nitrogen within the root system of a number of perennial crop plants, including perennial ryegrass (5), alfalfa (30) , and chicory (11) . In pyrethrum, defoliation due to Sclerotinia crown rot would require surviving plants to utilize their root system for vegetative growth and flowering during late spring and summer. This, in turn, could deplete nutrient sources after harvest and reduce recovery and persistence. If true, management of Sclerotinia crown rot during the early autumn period of young crops may be an important factor in stand persistence. This is an area that deserves further study. Diminished canopy recovery following the first harvest also provides an explanation for the lack of Sclerotinia crown rot observed in the subset of fields evaluated in the ensuing season.
Based on risk factors identified in this research and paths leading to disease development and flower yield, disease management efforts appear best targeted to early stages of the cropping cycle by reduction of initial inoculum and disease escape through manipulation of canopy density. Fungicide applications and other disease management efforts appear best targeted to fields at the highest risk of the disease; specifically, early-planted fields with well-developed plant canopies and Sclerotinia crown rot present during early autumn. Given the apparent yield-compensation ability of pyrethrum, critical evaluation of optimal planting rates and dates are warranted to identify minimal plant populations that still enable realization of commercially viable yield and maximize crop persistence. Fig. 5 . Contour plot illustrating the relationship between pyrethrum canopy cover, incidence of Sclerotinia crown rot in autumn, and predicted probability of a disease outbreak in spring exceeding a provisional fungicide action threshold of 2%. Contour lines are estimated probabilities of the incidence of Sclerotinia crown rot exceeding 2%; model parameters are given in Table 3 . Open circles indicate pyrethrum fields where disease was above the 2% in spring and closed circles indicate fields that were below the threshold. Fig. 6 . Relationship between Sclerotinia crown rot (expressed as area under the disease progress stairs, AUDPS) and the relative decrease in pyrethrum canopy coverage from the autumn preceding first harvest to the autumn after harvest (canopy survival). Canopy survival is defined as (after-harvest autumn canopy density)/(preharvest autumn canopy density) × 100. Data are from 22 commercial pyrethrum fields assessed during 2010 to 2013 in Tasmania, Australia.
